Abstract -PtSe 2 , a new family of transition metal dichalcogenides, has been explored for electronic device applications using density functional theory and non-equilibrium Green's function within the third nearest neighbor tight-binding approximation. Interestingly, despite its small effective mass (m * e as low as 0.21m 0 ; m 0 being electron rest mass), PtSe 2 has large density of states due to its unique six-valley conduction band within the first Brillouin zone, unlike MoX 2 family. This has direct impacts on the device characteristics of PtSe 2 field-effect transistors, resulting in superior on-state performance (30% higher on current and transconductance) as compared with the MoSe 2 counterpart. Our simulation shows that the PtSe 2 device with a channel longer than 15 nm exhibits near-ideal subthreshold swing, and sub-100 mV/V of drain-induced barrier lowering can be achieved with an aggressively scaled gate oxide, demonstrating new opportunities for electronic devices with novel PtSe 2 .
(Figs. 1(a) and (b)). In addition, bulk PtX 2 is metallic in nature which is not the case of MoX 2 and WX 2 [8] .
In this study, we for the first time investigate the potential and the ultimate performance limit of monolayer PtSe 2 fieldeffect transistors (FETs) using atomistic quantum transport simulations. To do this, we calculate the electronic states of PtSe 2 using density functional theory (DFT), from which tightbinding parameters are extracted for non-equilibrium Green's function (NEGF) device simulation. Transfer characteristics of PtSe 2 devices are investigated, and the on and off-state characteristics are thoroughly examined by scaling channel length and equivalent oxide thickness (EOT). Moreover, the performance of PtSe 2 FET is compared with its 2H-MoSe 2 counterpart, and the superior on-state characteristics of PtSe 2 are discussed based on the unique material properties of 1T-PtX 2 family.
II. SIMULATION METHOD
Electronic states are calculated based on plane wave DFT calculations using Quantum ESPRESSO [11] with generalized gradient approximation (GGA) and projector augmented wave (PAW) pseudopotential. The kinetic energy cutoff of the wavefunction is 50 Ry. The structures are relaxed until the 0741-3106 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. To preform device simulations, input material parameters are required. Unlike MoSe 2 , tight-binding (TB) parameters for PtSe 2 have not been reported yet, and therefore, we have created its TB parameters. For this, maximally-localized Wannier function (MLWF) approach has been employed using Wannier90 [12] . Wannierization was done using 11 initial projections reflecting five d-orbitals of Pt atom and three p-orbitals of Se atom. The TB parameters of MoSe 2 were adopted from a previous report [13] . For both materials, third nearest neighbor TB parameters have been used since it can provide a high level of accuracy, and at the same time, it is computationally manageable. The parameters exhibit excellent matching to the DFT results as shown in Figs. 1(c) and (d).
To assess the carrier transport in FETs based on these two materials, NEGF method within a tight-binding approximation has been utilized. The transport equation was solved selfconsistently with Poisson's equation [14] . Ballistic transport is assumed due to the relatively short channel length considered in this study. Periodic boundary condition is used in the transverse direction with 400 k y sampling points (k y being the wavenumber in the transverse direction). A rectangular supercell shown in Fig. 2(a) has been chosen to construct the Hamiltonian matrix (H) for the sake of simplicity. X (transport) direction is chosen to be equivalent to → M direction for the unit cell; Y (transverse) direction is perpendicular to it. The band structure of the PtSe 2 supercell is shown in Fig. 2(b) . On the other hand, for MoSe 2 , transport direction is defined in K → following previous studies [3] . The simulated device structure is shown in Fig. 2 
III. RESULTS
As shown in Fig. 1(c) , PtSe 2 exhibits conduction band minimum (E c ) between and M points, whereas MoSe 2 has its minimum at K point ( Fig. 1(d) ). The electron effective mass m * e of PtSe 2 (0.21 m 0 ) is smaller than that of MoSe 2 (0.56 m 0 ). In contrary to the case of MoSe 2 , PtSe 2 exhibits significant anisotropic effective mass for electrons as shown in Fig. 3(a) . shows I on = 236 μA/μm, which is 25% greater than the MoSe 2 value.
The superior on-state characteristics of PtSe 2 result mainly from its large density of states (DOS). In contrary to the general belief that smaller effective mass leads to lower DOS, PtSe 2 with relatively small effective mass has larger DOS than MoSe 2 . This is attributed to the fact that PtSe 2 has six conduction band valleys within the first BZ, whereas MoSe 2 has only two valleys as clearly seen in Figs. 3(c) and 3(d) . Therefore, PtSe 2 has higher DOS than MoSe 2 near the conduction band edge (E − E c < 0.2 eV) as shown in Fig. 3(b) . Notably, this is the energy range of interest for electron transport. Although MoSe 2 has higher DOS at the energy range of 0.2 eV < E − E c < 0.4 eV, it has only negligible contribution to the current flow. It should be noted that having six valleys in the conduction band may increase the possibility of intervalley scattering, which can result in current degradation to some extent. However, the detailed investigation of the effect of scattering is beyond the scope of this study.
In general, 2D material devices are known for their high immunity to short-channel effect (SCE). However, due to the unique electronic properties of PtSe 2 , a careful investigation should be given. Thus, we explore the effect of channel length scaling on SS and drain-induced barrier lowering (DIBL = V T H /V D ; V T H and V D being the changes in threshold voltage and drain voltage, respectively) by varying L ch from 6 to 25 nm with a nominal EOT of 1.1 nm. Figure 4(a) shows that SS is close to the theoretical limit of 60 mV/dec for L ch ≥ 15 nm. However, with sub-10 nm channel, it exhibits significant degradation, leading to 91 mV/dec in case of L ch = 8 nm, which is similar to that of MoSe 2 device (89 mV/dec). DIBL also shows a similar trend as SS as it can be seen in Fig. 4(b) . With a nominal EOT, DIBL is 160 mV/V for L ch ≥ 15 nm, while it increases to 270 mV/V at L ch = 8 nm, which is larger than that of MoSe 2 device (200 mV/V) at the same channel length. Nonetheless, both SS and DIBL of PtSe 2 FET can be improved by using thinner EOT, particularly for short-channel devices, as discussed next.
Finally, we have done an EOT scaling study to further engineer device performance of PtSe 2 FETs. Besides the nominal EOT (2.5 nm-thick Al 2 O 3 ), we have adopted one thicker (SiO 2 ; κ = 3.9) and one thinner EOT (HfO 2 ; κ = 25). Figure 4 (c) shows that, with an EOT of 0.4 nm, SS can be as low as 61 mV/dec and g m can be as large as 1.49 mS/μm with L ch = 15 nm. In addition, sub-100 mV/V DIBL can be achievable with the reduced EOT (Fig. 4(d) ), allowing further optimization of novel PtSe 2 device performance. Notably, the scaling of EOT can significantly suppress the SCE as it can be seen in Figs. 4(a) and (b) (open markers) .
IV. CONCLUSION
Material properties and device characteristics of a new TMD family of PtSe 2 have been studied. Electronic band structures are plotted using DFT, from which third nearest neighbor TB parameters are extracted for NEGF device simulations. DFT results reveal that 1T-PtX 2 has the conduction band minima between and M points, thereby forming six conduction band valleys within the first BZ, unlike 2H-MoX 2 . Therefore, PtSe 2 exhibits significantly larger DOS near the E c despite relatively small effective mass, compared to MoSe 2 . This allows it to have superior on-state characteristics (I on and g m ) as compared with the MoSe 2 counterpart. We also performed a scaling study by varying L ch and EOT. Despite the fact that short-channel effect has been observed, it can be suppressed significantly with a channel longer than 15 nm or an EOT less than 1 nm. Although significant anisotropic effective mass is observed within each conduction band valley, it is expected that current level would remain almost same for both armchair and zigzag directions, since the total current is determined by the overall contribution from the six valleys with rotational symmetry, which is in agreement with experiment [8] .
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